Objective: Bone-derived undercarboxylated osteocalcin regulates insulin secretion and sensitivity in mice, and reduced serum total osteocalcin (TOC) is associated with diabetes in humans. However, the relationship between TOC levels and other cardiovascular risk factors is uncertain. We sought to determine whether serum TOC is associated with metabolic syndrome and its components in older men. Design: Cross-sectional analysis from a population-based cohort of men aged R70 years. Methods: Early morning sera were assayed for TOC. Insulin resistance was estimated using a homeostatic model (HOMA2-IR). Metabolic syndrome was defined according to NCEP-ATPIII criteria. Results: TOC was assayed in 4047 men. Men who were not fasting and reported having bone fractures, Paget's disease, or bisphosphonate, glucocorticoid, or warfarin use were excluded, leaving 2765 men with metabolic syndrome present in 797 (28.8%). TOC was inversely associated with waist circumference, glucose, and triglyceride levels and HOMA2-IR (all P!0.001), and was lower in men with metabolic syndrome (meanGS.E.M.: 20.1G0.4 vs 21.4G0.2 mg/l, PZ0.002). In multivariate analysis, men with TOC of 13.25-16.55 and !13.25 mg/l had 1.5-to 2-fold increased risk of metabolic syndrome compared with men with levels R30 mg/l. TOC remained associated with metabolic syndrome after adjustment for individual components, but not after adjusting for both waist circumference and glucose. Conclusions: Increased waist circumference, reduced TOC, elevated glucose, and triglyceride levels are inter-related in aging men. Osteocalcin may lie in the causal pathway between central adiposity and insulin resistance. Further research is required to evaluate whether interventions which raise osteocalcin levels might decrease cardiovascular risk.
Introduction
Osteocalcin is secreted by osteoblasts, and undergoes posttranslational modification by g-carboxylation, which facilitates its binding to hydroxyapatite and retention in bone (1) . Both carboxylated and undercarboxylated forms of osteocalcin are present in the circulation, and serum total osteocalcin (TOC) is a marker of bone turnover (2, 3) . Recent studies in knockout mice have identified osteocalcin as an endocrine regulator of glucose metabolism, stimulating b-cell insulin secretion and reducing peripheral insulin resistance (4) . In these studies, Esp knockout mice (EspK/K) lacking an osteoblast-expressed receptor-like protein tyrosine phosphatase (OST-PTP) displayed increased b-cell proliferation, elevated insulin levels, and lower glucose levels, and were protected from developing diabetes. The diabetes-resistant EspK/K phenotype was completely reversed by the deletion of a single allele of Osteocalcin (4). OcnK/K mice exhibited lower serum total adiponectin levels and impaired glucose tolerance in vivo, with osteocalcin regulating insulin sensitivity independently of its effect on insulin secretion. Exposure to undercarboxylated osteocalcin (ucOC) increased the expression of adiponectin in adipocytes and insulin in islets, and administration of ucOC to mice resulted in insulin sensitizing effects, indentifying ucOC as metabolically active (4, 5) .
There are limited data confirming the role of ucOC as a regulator of insulin secretion and sensitivity in humans. The presence of type 2 diabetes has been associated with lower levels of TOC, which comprises ucOC and carboxylated osteocalcin (6) (7) (8) . Among diabetic patients, higher TOC levels correlated with lower fasting plasma glucose levels and better glycemic control (6, 9) . In a 16-week study, marked weight loss achieved by diet resulted in increased serum TOC, as did moderate loss coupled with resistance training (10) . Serum TOC correlated inversely with fat mass and body mass index (BMI) (7) , and higher TOC was associated with a lower rise in fasting glucose after 3 years (11) . These data could be interpreted as suggesting obesity, diabetes, or higher glucose levels are associated with reduced bone formation, which might explain in part the higher risk of hip fracture seen in men with type 2 diabetes despite preserved bone density (12) .
While cardiovascular disease is the major cause of morbidity and premature mortality in persons with type 2 diabetes (13-16), it remains unclear whether circulating osteocalcin, as a consequence or otherwise of its association with diabetes, might influence the risk of cardiovascular disease in humans. As older men are at risk of diabetes and cardiovascular diseases and have impaired bone strength resulting in increased incidence of bone fracture (17) , the role of osteocalcin could be particularly relevant in this setting. Therefore, we sought to determine whether reduced TOC levels were associated with risk factors for cardiovascular disease, as reflected by the presence of metabolic syndrome, in community-dwelling older men. In addition, we sought to determine whether this association was predominantly due to an association between lower serum TOC and hyperglycemia, or whether lower TOC level was associated with other metabolic risk factors.
Participants and methods

Study population
Details of the Health In Men Study (HIMS) have been described in depth elsewhere (18) . Briefly, between October 2001 and August 2004, a population-based sample of 4263 community-dwelling men resident in metropolitan Perth, Western Australia, participated in the study. Men were predominantly of Caucasian ethnicity. Demographic, medical, and medications data were collected. Height (in centimeters), weight (in kilograms), waist and hip circumference (in centimeters), and blood pressure were measured using standard procedures. An early morning blood sample was collected for analysis of biochemistry and hormone levels. The human research ethics committee of the University of Western Australia approved the study protocol, and all study participants gave their written informed consent.
Definition of metabolic syndrome
Metabolic syndrome was defined according to the NCEP-ATPIII classification as three or more of waist circumference O102 cm, fasting plasma glucose R5.6 mmol/l, or a known diagnosis of diabetes, fasting serum triglycerides R1.7 mmol/l, fasting high-density lipoprotein (HDL) cholesterol !1.03 mmol/l, or blood pressure R130/85 mmHg (19) . We used the recent modification of the definition, which lowered the threshold for an abnormal glucose concentration to R5.6 mmol/l (20) . Men with a previous diagnosis of hypertension or taking anti-hypertensive therapy were regarded as fulfilling the criterion for hypertension.
Laboratory assays
Blood samples were collected between 0800 and 1030 h. Serum was prepared immediately following phlebotomy and stored at K80 8C until assayed. Biochemical and hormone assays were performed in the Biochemistry Department, PathWest Laboratory Medicine, Fremantle and Royal Perth Hospitals, Western Australia. Serum TOC and insulin were assayed using the automated Elecsys assay (Roche Diagnostics). This TOC assay detects both intact osteocalcin (amino acids 1-49) and the major N-terminal fragment . The inter-assay coefficients of variation were 3.6% at 17.1 and 89.6 mg/l for TOC and 4.6% at 11 mU/l and 3.3% at 33 mU/l for insulin. Fasting serum glucose, total and HDL cholesterol, and triglycerides were estimated using a Roche Hitachi 917 analyser (Roche Diagnostic GmbH). Between-day imprecision for glucose was 2.9% at 4.8 mmol/l and 2.2% at 15.2 mmol/l, for cholesterol it was 2.3% at 3.2 mmol/l and 2.1% at 6.7 mmol/l, for HDL it was 2.4% at 0.8 mmol/l and 2.5% at 1.7 mmol/l, and for triglycerides it was 4.8% at 0.9 mmol/l and 2.4% at 2.0 mmol/l. Insulin resistance was estimated from fasting glucose and insulin results by homeostasis model assessment, using the spreadsheet implementation of the HOMA2 calculator (HOMA2-IR, downloaded from www.dtu.ox.ac.uk/homa) (21) .
Statistical analysis
Data were analyzed with the statistical package Stata, version 10.0 (StataCorp., College Station, Texas, USA 2007). Distributions of serum TOC in men with and without metabolic syndrome were compared. Data are tabulated as meanGS.D. or S.E.M. Mean comparisons were performed using Student's t-test. To allow analysis of non-parametrically distributed variables, quantile regression was used to model median and 75th percentile as well as mean for components of metabolic syndrome against TOC concentrations. The association of serum TOC with insulin resistance (HOMA2-IR) was examined in the same manner. Logistic regression analysis was used to assess odds ratio (OR) for metabolic syndrome for values of serum TOC adjusting for age, smoking, alcohol use, and serum creatinine. These analyses were repeated including adjustment for each individual component of metabolic syndrome. P values of !0.05 were considered significant.
Results
Distribution of serum TOC in community-dwelling older men
Of the cohort of 4263 men, aliquots of serum from 4047 men were available for assay of TOC. Men who reported having bone fractures, Paget's disease, or receiving bisphosphonate, glucocorticoid, or warfarin were excluded as these conditions might influence circulating osteocalcin levels (nZ542). Following this, men who were not fasting at the time of blood sampling were excluded as no fasting triglyceride or HDL results were available for the classification of metabolic syndrome (nZ740). After these exclusions, there were 2765 men with fasting early morning serum TOC results, which were included in the analysis (Fig. 1A ). Mean serum TOC was 21.0 mg/l, median was 19.0 mg/l, and interquartile range was 14.7-24.5 mg/l. Men who were excluded only because they had not fasted had a similar distribution of serum TOC with mean 20.4 mg/l, median 18.5 mg/l, and interquartile range 14.5-23.7 mg/l ( Fig. 1B ).
Stratification of men according to the presence of metabolic syndrome or its components
Of the final sample of 2765 men, metabolic syndrome was present in 797 (28.8%). Men with metabolic syndrome had higher BMI, waist circumference, systolic and diastolic blood pressure, and triglyceride, glucose, and creatinine levels compared with men without metabolic syndrome (Table 1) . Men with metabolic syndrome had lower total, high-, and low-density lipoprotein cholesterol levels and lower serum TOC compared with those who did not have metabolic syndrome. There was no difference in age between the two groups. Serum TOC levels were highest in men who had zero or one components of metabolic syndrome, and were progressively lower in men with two, three, four, or five components of metabolic syndrome (Fig. 2 ).
Associations of waist circumference, glucose, and triglyceride levels with serum TOC
Serum TOC was inversely associated with waist circumference, and with glucose and triglyceride levels (all P!0.001). Quantile regression to model median and 75th percentile of these metabolic syndrome components is shown ( Fig. 3A-C) . The inverse associations between serum TOC with waist circumference and glucose were apparent only at lower levels of serum TOC (%20 mg/l). The strongest relationship appeared to be between TOC and glucose levels ( Fig. 3B) , although associations were also present between TOC with waist circumference, and TOC with serum triglycerides ( Fig. 2A and C). For TOC levels O30 mg/l, there was little evidence of any strong association, with wider confidence intervals (CI) evident. There were no comparable associations between serum TOC and systolic blood pressure, or osteocalcin and HDL (data not shown).
Serum TOC and insulin resistance in older men
Serum TOC was inversely associated with insulin resistance, assessed as HOMA2-IR (P!0.001). The inverse relationship between serum TOC and HOMA2-IR was most apparent at lower levels (%20 mg/l, Fig. 3D ), with less evidence of an association and wider CI at higher TOC levels. A similar result was obtained when fasting insulin concentration was plotted against serum TOC. The inverse association of HOMA2-IR with serum TOC seen in the whole cohort ( Fig. 3D ) was attenuated in men without metabolic syndrome (data not shown). 
Serum TOC and metabolic syndrome in older men
The logistic regression model adjusted for baseline covariates of age, smoking, alcohol intake, and serum creatinine, using men with serum TOC R30 mg/l as the reference group and stratifying men with levels !30 mg/l into quintiles. Men with serum TOC in the lowest two quintiles had increased risk of metabolic syndrome (Fig. 4) 
Associations between serum TOC and metabolic syndrome adjusting for its individual components
Men with serum TOC !13.25 mg/l had OR 1.90 (95% CI 1.27-2.87) for metabolic syndrome after adjusting for baseline covariates as above and also for waist circumference (Fig. 5A ). Men with serum TOC !13.25 mg/l had increased OR of metabolic syndrome after adjustment for baseline covariates and glucose with OR 1.55 (1.06-2.26; Fig. 5B ) and after adjustment for baseline covariates and triglyceride level with OR 1.79 (1.21-2.65; Fig. 5C ). The relationship between serum TOC and risk of metabolic syndrome was not attenuated by inclusion of either HDL or systolic blood pressure into the multivariate model (data not shown). Simultaneous inclusion of waist circumference and glucose level into the multivariate model abrogated the association between serum TOC and metabolic syndrome (Fig. 5D ).
Discussion
Studies in knockout and wild-type mice implicated bone-derived circulating ucOC as an endocrine factor stimulating b-cell insulin secretion and enhancing insulin sensitivity (4, 5) . Thus, if these mechanisms are relevant in humans, deficient secretion of osteocalcin would be expected to result in greater insulin resistance (22) . Insulin resistance predisposes to type 2 diabetes in the presence of b-cell dysfunction (23) , and underlies the definition of metabolic syndrome, which is a marker for increased risk of cardiovascular disease (24) (25) (26) . Therefore, we tested the hypothesis that reduced circulating TOC was associated with increased cardiovascular risk defined by the presence of metabolic syndrome in older men. The key findings were that in community-dwelling older men, lower serum TOC was associated with increased risk of metabolic syndrome, and this relationship was mediated by waist circumference, glucose, and triglyceride levels, rather than by HDL concentration or blood pressure. Previous studies have reported on the relationship between serum TOC and glucose metabolism in smaller cohorts of middle-aged and older women and men. Im et al. studied 339 postmenopausal women (mean age 56.5 years), and found that those with type 2 diabetes had reduced serum TOC compared with normal glucose and impaired fasting glucose groups (6) . Zhou et al. reported lower serum TOC levels in 254 men aged 23-76 years with newly diagnosed type 2 diabetes compared with 126 men with normal glucose tolerance (8) . Kindblom et al. studied 1010 elderly men (mean age 75.3 years), and reported lower plasma TOC in men with diabetes and inverse relationships between TOC level with BMI, fat mass, and plasma glucose (7) . However, those studies did not examine the relationship between TOC and metabolic syndrome. Our results are consistent with Kindblom et al., as we found that reduced circulating TOC was associated with higher fasting glucose and with greater insulin resistance (HOMA-IR). Our findings are also in keeping with studies restricted to men and women with diabetes. In a study of 149 postmenopausal women (mean age 66.7 years) and 179 men (mean age 64.9 years) with type 2 diabetes, TOC was negatively correlated with fasting glucose and HbAlc (9) . Additionally, in a study of 380 adults with diabetes (mean age 71 years), Pittas et al. demonstrated that serum TOC was inversely associated with fasting glucose and HOMA-IR (11) . Therefore, our findings illuminate an association between reduced serum TOC with metabolic syndrome in older men, supporting the relevance of osteocalcin to glucose metabolism in humans.
The associations between serum TOC and waist circumference, glucose, and triglyceride levels were most apparent at the levels of TOC below a threshold of 20 mg/l. Conversely, there was limited evidence of associations of these variables with serum TOC levels O30 mg/l. In keeping with these observations, we found no apparent linear dose-response gradient for risk of metabolic syndrome with decreasing serum TOC. Instead, men with serum TOC %16.6 mg/l had increased OR of metabolic syndrome consistent with a 'threshold effect' (27) . The OR for metabolic syndrome was relatively constant for men with serum TOC levels in the top half of the distribution. There are potential implications of the non-linear association between serum TOC with metabolic syndrome and its individual components. Thus, while reduced serum TOC identifies men at increased risk of metabolic syndrome, higher than average values might not be associated with metabolic benefit. Strengths of this study include the large size of the cohort, the fact that men were community dwelling and not selected on the basis of any particular condition, the use of early morning sera to minimize any effect of diurnal variation on TOC levels, and the storage of sera at K80 8C until assay. Furthermore, we used a TOC assay that is robust for stored (frozen) samples, which detects both intact osteocalcin and the major N-mid terminal fragment (28) . This is preferable to an assay for intact osteocalcin, which might underestimate osteocalcin levels due to lability of the C-terminal sequence. We excluded men who had conditions known to affect osteocalcin levels namely bone fracture, Paget's disease, and use of bisphosphonate or glucocorticoid therapy. As warfarin therapy could alter the proportions of undercarboxylated and carboxylated osteocalcin, these men were also excluded from the analysis.
Serum TOC comprises both ucOC and carboxylated osteocalcin. The question of whether ucOC is the metabolically active form of osteocalcin in humans remains to be answered. In a study of 348 non-diabetic men and women aged 68 years, Shea et al. found no association between circulating ucOC and HOMA-IR at baseline or follow-up (29) . By contrast, Hwang et al. studied 199 men aged 47 years and reported higher b-cell function (estimated using HOMA) in men with ucOC levels in the highest tertile of values (30) . It is unclear whether smaller sample sizes and the lack of a robust automated assay for ucOC might have contributed to these contrasting results. As we did not have the opportunity to measure ucOC levels, we are unable to clarify this issue. Our findings demonstrate an association between bone turnover and metabolic syndrome in humans, but additional research is needed to determine whether this association is mediated specifically via ucOC distinct from carboxylated osteocalcin. Other limitations of our study are the cross-sectional nature of the analysis, which precludes conclusions as to direction of causality. As the inverse association between HOMA2-IR and serum TOC was attenuated in men without metabolic syndrome, this did not suggest a healthy survivor effect. Our cohort comprised community-dwelling older men, thus we cannot comment on associations in women.
Reduced serum TOC was associated with increased odds of metabolic syndrome in our cohort of older men, and this relationship remained significant after adjustment for glucose level. However, the association between serum TOC and metabolic syndrome was abrogated by simultaneous adjustment for waist circumference and glucose concentration. This observation would be consistent with reduced osteocalcin, and elevated waist circumference and glucose levels being related to a common underlying factor, such as insulin resistance. Another plausible explanation would be that these variables lie in a causal pathway, such that reduced osteocalcin level is an intermediate between central adiposity (elevated waist circumference), and insulin resistance manifesting as hyperglycemia. In obese individuals, adipose tissue drives insulin resistance by the release of non-esterified fatty acids, glycerol, hormones such as leptin, and proinflammatory cytokines, with a reduction in adiponectin (for review see (31) ). In the setting of insulin resistance, impairment of b-cell insulin release leads to progressive hyperglycemia and overt diabetes. Of interest, in mice, adipose tissue release of leptin modulates sympathetic nervous system activity and bioavailability of osteocalcin, thus regulating insulin release and sensitivity (32, 33) . Thus, reduced circulating osteocalcin may function as an endocrine factor, which links central adiposity to insulin resistance and the metabolic syndrome. Whilst our data in men are consistent with this model, specific mechanistic studies would be needed to explore this concept further.
There is a modest age-related reduction in circulating TOC from early adulthood to a nadir in men around the age of 65 years followed by stable levels in older age (34) . Insulin resistance, hyperglycemia, and diabetes are predictors of cardiovascular events, as is the presence of the metabolic syndrome (13-16, 24, 25) . Men with metabolic syndrome experience an approximate doubling of cardiovascular disease risk (25) , and metabolic syndrome is also associated with preclinical atherosclerosis measured by carotid intima-media thickness in men and women (35) . Our findings identify reduced serum TOC as a risk predictor for metabolic syndrome in older men, raising the possibility that circulating osteocalcin might modulate cardiovascular risk. However, further investigation would be required to determine whether osteocalcin represents a biomarker or a potential causal factor in this context, and to explore whether interventions targeting men with reduced TOC levels might improve health outcomes. Figure 5 Association between serum total osteocalcin and metabolic syndrome in older men, adjusting for individual components of metabolic syndrome. Logistic regression analysis in 2765 men aged R70 years, showing the odds ratio of metabolic syndrome (MS) by serum total osteocalcin, relative to osteocalcin level R30 mg/l, (A) adjusted for baseline covariates (age, smoking, alcohol use, and serum creatinine) and for waist circumference, (B) adjusted for baseline covariates and glucose, (C) adjusted for baseline covariates and triglyceride level, and (D) adjusted for baseline covariates, waist circumference, and glucose.
